Introduction
Viroids are the smallest known pathogens and infect only higher plants (Riesner & Gross, 1985) . They exist as circular ssRNA molecules with a length of 240 to 600 nucleotides. Viroids of grapevine are distributed worldwide. From the five known grapevine viroids, hop stunt viroid grapevine isolate (HSVdg; Sano et al., 1985) , grapevine yellow speckle viroid 1 (GYSVdl ; Koltunow & Rezaian, 1988) , grapevine yellow speckle viroid 2 (GYSVd2; formally named grapevine viroid lb; , citrus exocortis viroid grapevine isolate (CEVdg; Garcia-Arenal et al., 1987) and Australian grapevine viroid (AGVd; Rezaian, 1990) , only GYSVdl and GYSVd2 were found to induce symptoms after infection of viroid-free grapevine seedlings . Grapevine viroids belong to both of the two main viroid groups, which can be clearly distinguished by differences in their central conserved region (CCR; Keese & Symons, 1985; Flores, 1995) . HSVdg and CEVd are members of the potato spindle tuber viroid (PSTVd) group and GYSVdl, GYSVd2 and AGVd are members of the apple scar skin * Author for correspondence. Fax +49 931 888 4028.
RNA sequence data have been deposited with the EMBL nucleotide sequence database under the following accession numbers: GYSVdl variants, X87905 to X87922; HSVdg variants, X87923 to X87928. viroid (ASSVd) group. This study evaluates the variation in sequence profiles of the infecting grapevine viroids and provides an insight into the evolution of such sequence variant patterns in individual 20-year-old grapevine plants.
Methods
Plant material. Different samples of the Vitis vinifera cultivars 'Kerner' and 'Bacchus' were analysed. Samples from four or five neighbouring plants of every second row in the vineyard were analysed for their viroid variant pattern. Young leaves were collected and stored at -20 °C until use.
Extraction of RNA. Grapevine leaves were homogenized and RNA was isolated by phenol extraction. Polyphenols and polysaccharides were removed by an aqueous two-phase system followed by DEAEcellulose chromatography as described previously (Staub et aL, 1995a) .
Detection of viroids by Northern blot analysis.
Fifteen pg of total RNA were separated on a 5% polyacrylamide-7 M-urea gel and electrotransferred onto a positively charged nylon membrane (Qiabrane Plus; Qiagen). Hybridization was carried out with 32P-5'-end-labelled oligodeoxynucleotides PV1 and AV1 (Table l) simultaneously. PVI is a mixture of sequences which are complementary to the upper part of the CCR of all viroids belonging to the PSTVd group. Similarly, AV1 was used to detect all members of the ASSVd group. Viroid RNA was visualized by autoradiography.
Reverse transcription (RT) . cDNA synthesis from viroid RNA was performed with thermostable DNA polymerase from Thermus thermophilus (Tth; Myers et al., 1991) . RT was done by a 2rain 95 °C and a 15 rain 70 °C incubation of 20 ng total RNA per pl final volume with 10 mM-Tris HC1 pH 8.3, 90 mM-KC1, 1 mM-MnC12, 200 pM-dNTPs, RTPCR. Twentylal of PCR buffer (10mM-Tris HCI pH 8.3, 100 mM-KCI, 2.5 mM-MgC12, 0.75 mM-EGTA, 200 pM-dNTP, 0-62 gMantisense primer and 1 gM-sense primer in 5 % glycerol) were added to 5 gl of reverse-transcribed RNA. The viroid cDNA was amplified after 2min denaturation at 94°C by 30 cycles in a Perkin Elmer Thermocycler (1 rain at 94 °C, 50 s at annealing temperature and 1 min at 72 °C; Myers et al., 1991) . Table 1 shows the sequences of the PCR primers and their annealing temperatures.
PCR amplification of viroid cDNA with Pfu DNA polymerase. Tth
DNA polymerase was removed after RT with the QiaQuickSpin PCR Purification Kit (Qiagen). Pfu DNA polymerase has a 3' 5' exonuclease activity and therefore the fidelity is increased 15-to 30-fold compared with other thermostable DNA polymerases such as Tth or Taq (Rao, 1994) . DNA synthesis was performed in 50 gl containing 20 mMTris-HC1 pH 8"75, 10 mM-KCI, 10 mM-(NH~)2SO 4, 2 mM-MgC12, 0.1% Triton X-100, 100 ng/lal BSA, 200 pM-dNTP, 1 gM of each primer, 0.025 U/pl cloned Pfu DNA polymerase (Stratagene) and the eDNA from 5 lal reverse-transcribed RNA. Thirty cycles of amplification were applied as described above.
Cloning of PCR products. GYSVdl and HSVdg were reversetranscribed and PCR-amplified with primers containing non-binding 5' ends with restriction sites (Table 1) . PCR products were cloned in appropriately cut pUC19 vectors which were thereafter used to transform Escherichia coli JM 109.
Single-strand conformation polymorphism (SSCP) analysis. For SSCP analysis, viroid eDNA or cloned viroid sequences were amplified by 30 cycles of PCR as described above, but the concentration of dNTPs was reduced from 200 pM to 20 p,M. Synthesized DNA was labelled with 300 gM [c~-32P]dATP in the reaction mixture. One gl amplified product was mixed with 20 lal of 98% formamide, 0-01% brmnophenol blue and 0-01% xylene cyanol, dsDNA was heat-denatured (95 °C for 3 min) and immediately chilled on ice. DNA single strands were separated in non-denaturing 6 to 8% polyacrylamide gels (20 x 40 x 0-04 cm) containing a variable amount of glycerol. Electrophoresis was at 4 °C and 20 W (Orita et al., 1989) . Amplified products were visualized by autoradiography.
Sequencing by chain termination. PCR products were directly sequenced from both sides with a cycle sequencing kit. Following the manufacturer's advice (Pharmacia), 5'-end-labelled primers were used for sequencing, but only 1 lal of dNTP mixture instead of 5 pl was employed. Areas covered by the primers were analysed by sequencing overlapping PCR products. Cloned viroid cDNA was sequenced from both sides with the Sequenase 2.0 kit from USB-Amersham.
Results
Grapevine leaves were assayed for viroid infection by Northern blot analysis. Hybridization experilnents with probes specific for members of the PSTVd group (probe PV1M) and the ASSVd group (probe AV1M) detected only GYSVdl and HSVdg in the grapevines examined. The sequences of some viroid isolates were established by direct sequencing of RT-PCR products. These preliminary results indicated that the viroid population in grapevines was heterogeneous for both GYSVdl and HSYdg. Therefore we used SSCP analysis to distinguish .
determined by direct cycle-sequencing o f P C R products are shown in Fig. 2 . The two HSVdg main variants have been found previously by Sano et al. (1985; main variant I) and Puchta et al. (1988; main variant II) and are shown in Fig. 3 . None of the nine G Y S V d l variants has been described before. The overall distribution of the viroid variants in the vineyard is summarized in Table 2. between viroid variants in single plants. This method also served to compare the viroid variant composition between different plants.
Viroid variant analysis in the vineyard
The total R N A of different samples from a Franconian vineyard containing plants of the cultivars ' Kerner' and ' B a c c h u s ' was reverse-transcribed and PCR-amplified. Primer pairs G V 1 M -G V 2 P or G V 3 M -G V 4 P were used to amplify G Y S V d l and H V 1 M -H V 2 P or H V 7 M -H v g P to amplify HSVdg (Table 1) . Full-length P C R products obtained with primers G V 1 M -G V 2 P and H V 7 M -H V g P were used for SSCP analysis. We found nine different G Y S V d 1 main variants (I to IX) and two different HSVdg main variants (I and II) (Fig. 1) . R N A areas covered by the P C R primers were analysed by sequencing overlapping P C R products. (Sano et al., 1985) ; boxed nucleotides show the sequence of the HSVdg variant II (Puchta et al., 
1988); and (b)
GYSVdl . TR, terminal region; VMR, virulence modulating region; CCR0 central conserved region; VR, variable region. 366 [ 366 [ 366 ] 366 I[ 367 [367 [[ 368 1368 1368 [ 368 [ 368 ] Length (nt) Length (nt) II 297 I 297 1994 [ 297 [ 298 I 297 II 298 I 298 Fig. 4 . Viroid subvariants. (a) Subvariants of GYSVd 1 isolated from four different grapevines. The numbers of the nucleotides (nt) refer to the GYSVdl sequence published by . (b) Subvariants of HSVdg isolated from four different grapevines.
The numbers of the nucleotides refer to the HSVdg sequence published by Sano et al. (1985) . Main variants are indicated with roman numerals; subvariants are suffixed with a lower case letter. base exchanges (Fig. 2) . These areas are important for the formation of a metastabte structure called hairpin I (HP I; Riesner et al., 1979) . The mutations decrease the thermodynamic stability of HP I (Fig. 5) .
Discussion
This report gives for the first time a general overview of the viroid variant composition in a vineyard and within single plants. We show that during the 20 years since plantation of the vineyard stable profiles of main viroid species and subvariants evolved independently in individual grapevine plants.
Variant composition
Our results indicate that both viroids (GYSVdl and HSVdg) found in the grapevines appear in certain sequence variants. We isolated nine novel GYSVdl and two known HSVdg main variants. These were randomly spread in the vineyard, with different viroid profiles in neighbouring plants. There was no apparent association between specific GYSVdl and HSVdg variants. As mentioned earlier by other groups (Minafra et al., 1990; Semancik & Szychowski, 1992) GYSVdl-infected plants were always co-infected with HSVdg. Both HSVdg variants have been described previously by Sano et al. (1985) and Puchta et al. (1988) , The variant analysis within single plants revealed a subvariant composition as expected for an autonomously replicating RNA molecule. The main variant was always accompanied by some subvariants which are likely to emerge during every replication cycle. Viroids like GYSVdl and HSVdg obviously represent quasispecies, as has been proposed for viruses (Eigen et al., 1988) . The number of GYSVdl subvariants seems to be lower than expected (Ridgen & Rezaian, 1993) . This may be due to the fact that we excluded the generation of artificial viroid variants by using a high-fidelity DNA polymerase for subvariant isolation. We have shown that the nonproofreading Tth DNA polymerase generates up to 20 % mutated viroid eDNA clones in PCR cloning experiments. Hence, proofreading DNA polymerases such as Pfu are recommended for PCR cloning (Rao, 1994) .
HSVdg main variants I and II replicated simultaneously in grapevine plants whereas two or more GYSVdl main variants could not be isolated from a single plant. The HSVdg subvariant Ia appeared together with HSVdg main variants I and II in each isolate examined. This suggests that these three variants belong to the initial viroid variant profile in the grafting source. These results confirm our recent suggestion that viroids are not likely to be transmitted from plant to plant by H. Polivka, U. Staub and H. J. Gross 
G YSVdl variants
The isolates of GYSVd in the Franconian grapevine cultivars 'Kerner' and 'Bacchus' are variants of GYSVdl type 1 only (Ridgen & Rezaian, 1993) . None of the 18 Franconian GYSVd 1 variants described here have been found elsewhere so far. The second viroid inducing the yellow speckle disease, GYSVd2 (Koltunow & Rezaian, 1989) was not detected.
The outstanding difference with respect to the Australian isolates were base substitutions in the IR bordering the CCR (GYSVdl main variants I to IV and subvariants IIa and Vb). The CCR is able to form the metastable structure HP I (Riesner et al., 1979) . Furthermore, the CCR and IR form a palindrome that is supposed to play a crucial role during viroid replication (Candresse et al., 1990) . The base substitutions in positions 89/90 and 119/120 reduce the thermodynamic stability of HP I by up to 18.4 kJ but do not interfere with base pairing of the stem. Hence, only compensated mutations seem to be allowed in the IR. An exception is GYSVdl subvariant Vb, where the mutation in position 90 (G to A) interrupts base pairing. This subvariant could even be an abortive replicate because such a mutation was not detected as a main isolate. The effects of the alterations described here on pathogenicity and replication efficiency are unknown. Altered symptom expression was found for coconut cadang-cadang viroid isolates which contained mutations within the CCR (Rodriguez & Randles, 1993) .
The main feature of the variable region (VR) are a number of GC helices with only 50 % similarity between closely related viroids (Keese & Symons, 1985) . The border between the VR and the terminal region has not been defined clearly (Koltunow & Rezaian, 1988) . Ridgen & Rezaian (1993) proposed a very narrow VR for GYSVdl so that the positions 162 and 208 to 210 would belong to the terminal region. We suggest a wider VR including these residues because of the significant variation in this area.
